1. Introduction {#sec1}
===============

Renal failure, due to complications such as glomerular disease, diabetes, vascular disease, or hypertension, often necessitates a kidney transplant. In the United States, the number of kidney transplantations makes up the majority of organ transplantation procedures at around 21,000 annually.[@r1] Currently, 74,000 patients are active on the waitlist, 113,000 patients are on the total waitlist, and the number of patients has been increasing by about 8% every year.[@r1] About 32% of patients receive transplants from living donors, but the remaining 68% receive kidneys from deceased donors.[@r2] To facilitate this operation, kidneys from the deceased donor are generally preserved in a cold storage solution during a period called cold ischemic time (CIT).[@r3]^,^[@r4] During the CIT, preserved kidneys are kept at a temperature of 4°C, to decrease the metabolic rate and thereby maintain tissue viability given the lower oxidative damage.[@r5] However, kidney preservation results in renal ischemia and the subsequent generation of reactive oxygen species due to anaerobic glycolysis.[@r6]^,^[@r7] This can cause acute tubular necrosis leading to delayed graft function. It is estimated that as many as 40% of deceased donor kidneys undergo some kind of delayed graft function.[@r8] As a result, patients must undergo dialysis therapy after transplantation, which increases risk for acute rejection of the grafted kidney.[@r9] However, it is difficult to predict if the patient will experience delayed graft function until after transplantation. Explicit criteria for discarding potential donor kidneys are not standardized, which has led to high discard rates within the United States.[@r10] In 2015, almost one-fifth of procured kidneys were discarded.[@r11] The discard rate is higher (42%) in cases of marginal donors, who have increased risk factors such as advanced age, hypertension, or diabetes.[@r12] Evaluation of pretransplant biopsies is time consuming, subject to variable assessment, and is performed in fewer than 20% of standard donor cases and fewer than 80% of marginal donor cases.[@r13] Determining the quality of kidney pretransplant has become increasingly important, as the demand for kidney transplants rises and centers move toward accepting more kidneys from marginal donors.[@r14]

Optical imaging techniques have been used in animal models and clinical research to monitor ischemia/reperfusion injury in kidneys during the postreperfusion period and to aid clinicians in pinpointing circumstances of delayed graft function. Fluorescence imaging with indocyanine green (ICG) has been performed intraoperatively to assess the condition of reconstructed arteries and veins after tissue grafting.[@r15][@r16][@r17][@r18][@r19]^--^[@r20] Laser Doppler flowmetry (LDF) has provided a means for measuring renal blood flow after reperfusion.[@r21][@r22][@r23][@r24][@r25][@r26][@r27]^--^[@r28] Tissue oxygenation in grafted kidneys has been measured using near-infrared spectroscopy (NIRS).[@r15]^,^[@r29][@r30]^--^[@r31] Optical coherence tomography (OCT) has been used to assess structural changes to proximal convoluted tubules and glomeruli.[@r32][@r33][@r34][@r35]^--^[@r36] Multiphoton microscopy has been used in rodent studies to probe a number of fluorescent markers for structural and functional changes in kidneys at micron-level resolution.[@r37][@r38][@r39][@r40][@r41]^--^[@r42] During studies that involve human patients, imaging is performed after grafting and reperfusion of the kidney. In experiments with small animal models, the blood flow into the kidneys is stopped through clamping of the renal artery and then reintroduced during the course of imaging. These studies focus on the reperfusion period, after the transplantation has already been performed. While this has led to a better evaluation of the effects of warm ischemic time during procedures such as partial nephrectomy, the methodology used in the majority of these studies is not fully analogous to what kidneys undergo during harvest and preservation for transplantation. Little has been reported on the optical properties of kidneys during preservation under CIT conditions or before reperfusion of the graft.

Here, we used spatial frequency domain imaging (SFDI) to characterize the optical changes that occur in kidneys during the period of cold ischemia. SFDI is a noninvasive, wide-field optical imaging technique that can be used to quantify spatially resolved, wavelength-dependent absorption, and reduced scattering coefficients at multiple wavelengths using structured illumination. The absorption coefficient can be further distilled using Beer's law and a linear least squares fit to determine the oxy- and deoxyhemoglobin concentrations.[@r43]^,^[@r44] The reduced scattering coefficient provides insight into subsurface tissue structure.[@r45] Previously, we have used SFDI to monitor *in-vivo* porcine kidney during the period of renal arterial occlusion,[@r46] in a manner similar to procedures that have employed OCT, NIRS, LDF, and ICG in animal studies. In this paper, we instead use SFDI to track the optical properties of freshly excised porcine kidneys that have been handled under typical cold storage conditions, including immersion in University of Wisconsin cold storage solution (UW solution).[@r47]^,^[@r48] Measurements using SFDI are reported periodically to monitor changes in optical properties as the length of CIT increased. A more complete understanding of the structural changes in kidneys during CIT may provide new insights regarding the overall health and viability of kidney tissue before surgery and reperfusion.

2. Methodology {#sec2}
==============

2.1. Cold Storage Preservation {#sec2.1}
------------------------------

In total, six kidneys, three left and three right, were harvested with care from three Yorkshire pigs. Kidneys were removed postmortem and perfused with UW solution through the renal artery. Perfused kidneys were immersed in UW solution and stored over ice in between imaging sessions, according to typical preservation protocol as indicated by our clinical colleague. Ideally, kidneys can be safely stored in UW solution for a maximum of 72 h.[@r48] In practice, typical mean CIT is closer to 24 h,[@r47]^,^[@r49] and the more realistic maximum CIT is near 40 h.[@r49] Here, the kidneys were preserved and periodically imaged for 80 h, to capture changes in optical properties that might occur within the maximum usage timeframe associated with viable kidneys.

2.2. Histology {#sec2.2}
--------------

For one of the three pigs used, we took 4-mm-diameter biopsies from the right kidney. Biopsies were taken along the kidney renal cortex at 30 min, 24 h, and 80 h postharvest. Samples were fixed for 24 h in 10% neutral buffered formalin, dehydrated with alcohol, prepared in the xylazine alternative histoclear, and embedded in paraffin wax. Sections of $2\text{  }\mu m$ size were stained with periodic acid-Schiff (PAS).

2.3. Spatial Frequency Domain Imaging {#sec2.3}
-------------------------------------

SFDI is a noninvasive imaging technique that measures optical properties over a wide field of view by projecting sinusoidally patterned illumination at multiple wavelengths and spatial frequencies.[@r50]^,^[@r51] We employed the OxImager RS^®^ (Modulim, Inc., Irvine, California), a commercial SFDI device. This instrument measures tissue reflectance at eight wavelengths (471, 526, 591, 621, 659, 691, 731, and 851 nm) and five spatial frequencies (0, 0.05, 0.10, 0.15, and $0.20\text{  }{mm}^{- 1}$) over a large field of view ($20 \times 15\text{  }{cm}$).[@r50] The ventral side of each kidney was imaged at 0.5, 1.5, 21, 24, 29, 45, 53, 70, and 80 h after harvest and reperfusion with UW solution. After measuring the kidneys with SFDI, they were returned to a container of UW solution. Kidneys were not removed from UW solution for more than 3 min at a time for imaging.

Raw SFDI reflectance maps at all eight wavelengths and spatial frequencies were demodulated, corrected for height ($\pm 20\text{  }{mm}$) and angle ($\pm 30\text{  }\deg$) variation, and calibrated against a silicone tissue-simulating phantom with known optical properties.[@r52] Optical property maps for the absorption and reduced scattering coefficients were rendered using the look-up table method that we have described in detail previously.[@r43] The scattering $b$ parameter for measured tissue was calculated by fitting the reduced scattering values measured for wavelengths ($\lambda$) 659, 731, and 851 nm to a power law function: $$\mu_{s}^{\prime} = {A\left( \frac{\lambda}{\lambda_{0}} \right)}^{- b},$$where $\lambda_{0} = 800\text{  }{nm}$.

This function, derived from Mie theory, has been used in the near-infrared regime to relate scattering slope to the size of the scattering particles.[@r53]^,^[@r54] At these longer wavelengths, the contribution to the scattering slope $b$ can be better estimated by Mie scattering, and less so by Rayleigh.[@r45]^,^[@r53]^,^[@r55]

Further image processing of optical property maps was performed using MATLAB R2018a (MathWorks, Natick, Massachusetts). After rendering optical property maps of each kidney, regions of interest (ROIs) were selected from the renal cortex within the upper pole of each kidney, which contains the filtering nephrons essential to kidney function.[@r56] These ROIs were selected so as to avoid measurement artifacts due to specular reflection from the kidney surface.

The OxImager RS^®^ was also used to record color photography of each kidney at each imaging time point, under controlled lighting conditions. The red color channel was extracted from these images in order to illustrate in a semiquantitative way, and [Fig. 1](#f1){ref-type="fig"} shows the visible color changes (or lack thereof) in the tissue over time. This examination of the appearance of the kidneys during CIT resembles what the clinician would observe before transplantation.

![Typical example of kidney appearance over time. (a) Color images (RGB) of kidney and red channel images from corresponding.bmp map from the left kidney of the third pig. (b) Graph of all red channel values at measured post-UW perfusion time points for all kidneys.](JBO-024-116003-g001){#f1}

3. Results {#sec3}
==========

3.1. Clinical Appearance, Color, and Histology {#sec3.1}
----------------------------------------------

The color (RGB) of each kidney appeared to change very little over the 80 h of periodic documentation. Color photographs (RGB) taken of the left kidney of the third pig are depicted in row 1 of [Fig. 1(a)](#f1){ref-type="fig"}. Maps of the red color channel of the left kidney of the third pig are shown in row 2 of [Fig. 1(a)](#f1){ref-type="fig"}. On average, the value of the red color channel increased by 14.8% by 80-h post-UW perfusion.

PAS-stained slides were read for tissue sections taken from biopsy samples corresponding to imaging time points of 30 min, 24 h, and 80 h of cold storage. Typical histology is presented in [Fig. 2](#f2){ref-type="fig"}. After 30 min under CIT, the histology indicated sparse apical blebing and little damage to the brush borders (arrows, [Fig. 2](#f2){ref-type="fig"}). After 24 h, more brush border damage was apparent. By 80 h, early infiltration of inflammatory cells was observed (circled region, [Fig. 2](#f2){ref-type="fig"}), in addition to the brush border damage (arrows). However, these changes were relatively acute and not present throughout the entire volume of the biopsy sample.

![PAS-stained biopsies from (a) 30-min, (b) 24-h, and (c) 80-h postprocurement. Arrows indicate brush border damage. Areas of inflammation are circled.](JBO-024-116003-g002){#f2}

3.2. Reduced Scattering Coefficient {#sec3.2}
-----------------------------------

From the eight wavelengths used by the SFDI device, the 659-nm wavelength showed the most change over the time course of imaging, shown as percent increase in [Table 1](#t001){ref-type="table"}. Values of the reduced scattering coefficient measured at 659 nm over 80 h are shown in [Fig. 3(a)](#f3){ref-type="fig"}. On average, the reduced scattering coefficient increased by 50.4% by 80-h post-UW perfusion. Maps of the reduced scattering values measured at 659 nm of the left kidney from the third pig are shown in [Fig. 3(b)](#f3){ref-type="fig"}.

###### 

Average percent increase in reduced scattering coefficient from 30 min to 80 h of CIT for eight wavelengths.

  Wavelength (nm)                                           471    526    591    621    659    691    731    851
  --------------------------------------------------------- ------ ------ ------ ------ ------ ------ ------ ------
  $\mu_{s}^{\prime}$ Increase from 30-min to 80-h CIT (%)   30.3   34.5   34.8   34.3   50.4   33.9   33.9   34.4

![Time dependence of change in reduced scattering coefficient. (a) Graph of reduced scattering coefficient values measured at 659 nm for all kidneys at nine time points post-UW perfusion. (b) Spatially resolved maps of reduced scattering coefficient of the left kidney from pig 3, measured at 659 nm.](JBO-024-116003-g003){#f3}

3.3. Scattering b Parameter {#sec3.3}
---------------------------

Values of the scattering $b$ parameter measured over 80 h are shown in [Fig. 4(a)](#f4){ref-type="fig"}. On average, the $b$ parameter increased by 58.77% by 24-h post-UW perfusion. After the 24-h time point, the $b$ parameter returned toward the initial values, and at 80-h postperfusion, it was only 1.01% above 30-min postperfusion measurement. Maps of the $b$ parameter measured on the left kidney from the third pig are shown in [Fig. 4(b)](#f4){ref-type="fig"}.

![Time dependence of change in $b$ parameter. (a) Graph of scattering $b$ parameter measured at nine time points post-UW perfusion. (b) Scattering $b$ parameter maps of the left kidney from pig 3.](JBO-024-116003-g004){#f4}

3.4. Absorption Coefficient {#sec3.4}
---------------------------

Values of the absorption coefficient measured with 659 nm over 80 h are shown in [Fig. 5(a)](#f5){ref-type="fig"}. On average, the absorption coefficient increased by 23.4% within 21-h post-UW perfusion and 31.4% by 80 h. Maps of the absorption values of the left kidney from the third pig measured at 659 nm are shown in [Fig. 5(b)](#f5){ref-type="fig"}.

![Time dependence of change in absorption coefficient. (a) Graph of absorption coefficient at 659 nm measured at nine time points post-UW perfusion. (b) Maps of absorption coefficient measured at 659 nm of the left kidney from pig 3.](JBO-024-116003-g005){#f5}

4. Discussion {#sec4}
=============

There was little change observed in appearance of the kidneys over the course of experiment, either in the corresponding color photographs or in the more quantitative analysis of the individual RGB red channel. This highlights the challenge posed to transplantation specialists, who currently cannot visually assess underlying structural changes accrued during CIT.

Previous studies on kidney transplantation in animal models using ICG, LDF, NIRS, and SFDI imaging techniques simulated the ischemia/reperfusion injury through *in-vivo* renal arterial occlusion. In this study, kidneys are measured *ex vivo* while the kidney is preserved in UW cold storage solution. The absorption measurements made here with SFDI do not relate to any hemodynamic changes, as blood is flushed from each kidney using UW solution. Still, absorption measured with 659-nm light indicated a 23.4% increase between 30-min and 21-h post-UW perfusion. The absorption continued to gradually increase during the remaining time course of this study while the kidney was still preserved with UW solution.

A preceding SFDI study measured *in-vivo*, blood perfused porcine kidneys during an 80-min renal arterial occlusion using an occlusion balloon cuff.[@r46] The reduced scattering coefficient ($\mu_{s}^{\prime}$) was measured at 658, 732, and 850 nm, and increased during the occlusion period (1 h totally) but held steady between 4 and 52 min of occlusion. The reduced scattering coefficient returned to baseline after release of the occlusion cuff. The $b$ parameter decreased during this period of occlusion from 1.05 to 0.88. This change in $\mu_{s}^{\prime}$ and $b$ was attributed to the edema increase resulting from the inflammatory response.

The measurements detailed in the experiment presented here also show an increase in reduced scattering during the period of ischemia. This increase lasts throughout the duration of the 80-h time period, indicating continuous structural change within the kidneys during CIT. Changes in the values for the $b$ parameter during the first 1.5 h differ from kidney to kidney, unlike in the previous SFDI ischemia-reperfusion study, but this may be due to differences in the method of ischemia. In this previous study, the kidneys were occluded but not cleared of blood, and changes in absorption were only reported through measurements of oxygen saturation. The kidneys in our study were removed from the animal, cleared of blood via perfusion with UW solution, and then stored in UW solution so no direct comparison between absorption and oxygen saturation could be made. Additionally, changes observed within the first few hours of cold ischemia are minimal compared to the changes in $b$ seen after a day of storage in UW. At 24-h post-UW perfusion, the $b$ parameter reaches a peak value, with an average increase of 58.77% from the first measurement. During ischemia, the kidney can no longer undergo aerobic respiration and must create ATP through glycolysis.[@r6] This in turn causes a buildup in potassium and sodium ions across cell membranes. In this case, the ion imbalance results in cell swelling, which would affect the $\mu_{s}^{\prime}$ and $b$ parameter. However, no cell volume change was observed within the histology, suggesting that the change in scattering may only be due to an uptick in inflammatory mediators.[@r6] After 24 h of CIT, the $b$ parameter begins to decrease. Finally, values of $b$ recover to near baseline by the end of the 80-h period, which is past the maximum 72-h time point recommended for kidney transplant viability after CIT. This observation raises the question of how the $b$ parameter, which is closely related to scattering particle size, may seemingly recuperate. An understanding of the change in $b$ after 24 h of CIT would likely require analysis of the anisotropy ratio ($g$), a component of the reduced scattering coefficient that changes with wavelength and tissue structure.[@r57] Additionally, while the changes seen in PAS-stained slides marked brush border damage and inflammation at later time points seemed to correspond with increasing scattering, as was observed in the previous SFDI study, the histopathology also suggested that these changes were acute.[@r46] Further investigation into the effects of CIT on kidney optical properties with SFDI would also benefit from varying the length of ischemic time between kidney harvest and perfusion with UW solution.

5. Conclusion {#sec5}
=============

In this investigation, SFDI-derived reduced scattering and scattering $b$ parameter suggest the occurrence of structural changes within excised kidneys during the period of CIT. Further investigation of this change in scattering and $b$ parameter, especially at additional time points between kidney removal and 24-h post-UW perfusion, may lead to a better understanding of structural injury that occurs during initial kidney removal and CIT. A detailed comparison of kidneys that undergo different durations of ischemia before being cleared with UW may also enable a better understanding of how SFDI, particularly the measured scattering parameters, can be used to noninvasively screen for damaged kidney grafts before transplantation and reperfusion in a patient.
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